(named RanGAP1 in vertebrates and Rna1p in yeast) is found in the cytoplasm, whereas RanGEF (RCC1 in vertebrates) is chromatin bound and present in the nucleus. Therefore, a steep RanGTP-RanGDP gradient across the nuclear envelope is predicted, with free RanGTP predicted to be abundant only in the nucleus (22) . Based on the RanGTP dependence of high-affinity NES-CRM1 interaction, we concluded that NES binding to CRM1 would be stable in the nucleus and unstable in the cytoplasm, suggesting a mechanism for the unidirectional transport of NES-containing (ribonucleo)proteins, and of exportin-mediated nuclear export in general (reference 18; see also reference 41). Mechanistically similar binding reactions mediate nuclear export of importin ␣ (41), tRNA (2, 42) , and the yeast protein Pho4p (34) , involving RanGTP-dependent binding of these cargoes to the exportins CAS, exportin t, and Msn5p, respectively.
In addition to RanGTP and NES cargoes, CRM1 interacts with nucleoporins. CRM1 coprecipitates with the nucleoporin CAN/Nup214 from total HeLa extracts, and this interaction is mediated by CAN's FG-repeat region (17, 19) . Similarly, CRM1 binds to the nucleoporin RIP and several other nucleoporin FGrepeats in the yeast two-hybrid assay (55, 67) . These nucleoporin-CRM1 interactions most likely reflect those that occur during nuclear export, i.e., passage through the nuclear pore complex (NPC), but their precise role remains to be clarified (56) .
Here, we further address the mechanism of CRM1-mediated export. Using a quantitative in vitro CRM1-NES interaction assay, we compared relative strengths of natural NESs and showed that RanBP1 acts as a release factor for CRM1-NESRanGTP complexes. Using CRM1 affinity chromatography, we identified different classes of proteins from Xenopus egg extract that bind to CRM1 in a RanGTP-dependent way.
MATERIALS AND METHODS
Peptides and recombinant proteins. Peptides with a minimal purity of 70% were obtained from GenoSys Biotechnologies. Sequences were CLPPLERLTL (HIV-1 Rev), CELALKLAGLDIN (protein kinase inhibitor [PKI] ), CVLNLDQ QFAGLDLNSADA (An3), CVDEMTKKFGTLTIHDTEK (minute virus of mice [MVM] NS2 wild type) and CVDEMTKKFGTATAHDTEK (MVM NS2 mutant).
z-tagged CRM1 was expressed in Escherichia coli TG1 from plasmid pQE70zz-hCRM1, which encodes two copies of the protein A immunoglobulin G (IgG) binding site (21) in front of the hCRM1 open reading frame (19) . z-tagged exportin t was made as previously described (2) , and GST-An3N was produced according to the method of Gururajan and Weeks (24) . CRM1 and HIV-1 Rev were made as His 6 fusions according to the methods described in references 13 and 3, respectively, and RanBP1, Rna1p, RanQ69L, and wild-type Ran were made as described in reference 29. Ran protein was loaded with GTP according to the method described in reference 6. Glutathione S-transferase (GST) protein supplemented with a heart muscle kinase (HMK) sequence was expressed from the pGEX-GTH vector (33) Oocyte injections. Microinjection of RNAs and proteins into oocytes, incubations, and extractions were performed as described previously (32, 35) . Microinjected 35 S-labelled An3⌬21 was produced in rabbit reticulocyte lysate from plasmid pT7-An3⌬21. This plasmid was constructed by ligating a T7 promotercontaining PfuI PCR product encoding amino acids 22 to 697 of An3 (primers 5Ј-TAA TAC GAC TCA CTA TAG GGA GAC CAC CAT GAA TTC AGC  CGA TGC TGA AAG and 5Ј-TTA GTT GCC CCA CCA GTC) into the SmaI site pUC19. Labelled full-length An3 protein was produced from plasmid pET21a-An3 (55a). GST protein containing an HMK site was labelled by incubation of approximately 5 nmol (150 g) of protein bound to 15 l of glutathione-Sepharose 4B (Pharmacia) with 25 U of HMK (Sigma) and 50 Ci of [␥- 35 S]-ATP (Ͼ1,000 Ci/mmol) in 100 l of HMK buffer (20 mM Tris-HCl [pH 7.5], 100 mM NaCl, 12 mM MgCl 2 ) for 30 min at room temperature in a low-speed shaker. Beads were washed five times with phosphate-buffered saline (PBS)-8.7% (vol/ vol) glycerol, eluted three times with 150 l of 100 mM Tris-HCl [pH 8.0]-120 mM NaCl-20 mM glutathione. The buffer was exchanged with PBS-8.7% (vol/ vol) glycerol and concentrated to 80 l by using a nanosep 10K concentrator (Palfiltron). All microinjected 32 P-labelled RNAs were synthesized from plasmids described by Jarmolowski et al. (32) , except for fushitarazu (ftz) premRNA, which was synthesized from pGEM2VG1S/B (64) .
Pull-down assays. For pull-downs from Xenopus extract, 100 l of interphase egg extract (1) was supplemented with 440 mM NaCl, 0.9% Triton X-100, protease inhibitors (0.5 mg of Perfabloc SC/ml, 10 g of E64/ml, 50 g of antipain/ ml, 0.7 g of pepstatin/ml, and 500 U of aprotinin/ml), and phosphatase inhibitors (0.1 mM Na 3 VO 4 and 0.1 mM NaF) and incubated on ice for 15 min. The extract was subsequently diluted 1:5 in 20 mM HEPES-KOH (pH 7.5)-5 mM MgCl 2 -0.2 mM GTP containing protease and phosphatase inhibitors and filtered through a 0.45-m-pore-size low-protein binding membrane. The filtrate was added to 12.5 l of IgG Sepharose FastFlow (Pharmacia) to which 100 pmol (15 g) of z-tagged CRM1 or exportin t had been bound. RanQ69LGTP and/or MVM NS2 NES peptide were added at 3 and 40 M, respectively, and the mixture was rotated for 2 h at 4°C. Beads were subsequently washed four times with 500 l of 20 mM HEPES-KOH (pH 7.5)-250 mM NaCl-0.25% Triton X-100-5 mM MgCl 2 , and proteins were eluted on ice with 25 l of 0.2% sodium dodecyl sulfate (SDS).
For RanBP1-and Rna1p-dependent dissociation, 3 g of GST-An3N was bound to 5 l of glutathione-Sepharose 4B in 50 l of PBS-8.7% (vol/vol) glycerol for 2 h at 4°C in a low-speed shaker. Beads were washed once and resuspended in 50 l of PBS-glycerol containing 0.5 M CRM1 and 2 M RanGTP and incubated as described above for 1 h. Beads were washed twice and incubated in 20 l of PBS-glycerol for 5 min with 50 nM RanBP1 and/or 250 nM Rna1p at room temperature. Flowthrough fractions were collected, and the beads were washed three times with PBS-glycerol and finally eluted with SDSpolyacrylamide gel electrophoresis (PAGE) sample buffer.
Pull-downs of in vitro-translated An3 proteins (see above) were performed by incubation of 0.5 l of labelled An3-containing reticulocyte lysate with 5 l of IgG-Sepharose beads to which 5 g (35 pmol) of z-tagged CRM1 had been bound in 50 l of a buffer containing 500 mM NaCl, 20 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 5 mg of BSA/ml, 0.01% Triton X-100 (LBG buffer), and 2 M RanGTP in the absence or presence of 0.4 mM competitor peptide for 1 h at 4°C in a low-speed shaker. Unbound proteins were collected, and beads were washed three times with 500 l of LBG buffer. Bound proteins were eluted with SDS-PAGE sample buffer.
Nanoelectrospray mass spectrometry. The bands of interest were excised and the proteins were digested in gel with trypsin in a buffer containing 33% of H 2 18 O in order to label the C-terminal part of the tryptic peptides. The resulting peptide mixtures were desalted on a Poros R2 column and eluted directly into a nanoelectrospray needle (73) . All tandem mass spectrometry experiments were carried on a triple quadrupole mass spectrometer (API III; PE-Sciex, Ontario, Canada). X92 was identified in a nonredundant database as ATP-dependent RNA helicase An3 (SwissProt P24346), while X94 and X280 were de novo sequenced by using a differential scanning technique (72) . It was possible to read out the complete sequence of 5 peptides for X94 (LFTSSTTVVLK, SEHALF SR, ANPLLLNTCK, DPVLSESER, and QEDLLNR) and 10 peptides for X280 (YLQLLYK, DILVTVQPK, SNLLVLSNK, LFDYPADLPK, NPAPFYPVK, ELHSFFLELK, DVELQDFQK, PQQDMGELATK, EELAHFQK, and EAAP ACGPR). Note that L denotes leucine or isoleucine, since these amino acids have identical masses. cDNA cloning. cDNA was synthesized by using reverse degenerate primer MA80 (5Ј-TCICCCATRTCYTGYTGIGG; I denotes inosine) derived from X280 peptide sequence PQQDMGE with Superscript II reverse transcriptase (Gibco BRL) from 0.5 g of total RNA from Xenopus laevis stage V to VI oocytes. Two overlapping CAN-encoding cDNAs were subsequently amplified with degenerate primers MA83 (5Ј-TAYTTYTTYGGIGARGG), MA79 (5Ј-C ARCARGAYATGGGIGAR) and 3XCAN2 (5Ј-YTGYTTICCYTTIGGISWC CARCA) derived, respectively, from X280 peptide sequences YFFGEG and QQDMGE and from a sequence identical between human and Drosophila melanogaster CAN (CWSPKGKQ). The amplified cDNAs were used to isolate cDNAs in Xenopus oocyte and four cell stage embryonic phage libraries representing the full-length mRNA. The full-length cDNA was cloned into pBluescriptSK(Ϫ) (T3-XCAN) and used as a template for in vitro transcription and translation. The Xenopus CAN sequence is available under EMBL accession no. AJ243889.
RESULTS
To identify new CRM1-interacting factors, we analyzed binding of proteins from X. laevis egg extract to a z-tagged hCRM1 column in the presence or absence of a nonhydrolyzable form of RanGTP, RanQ69LGTP (38) . As shown in Fig. 1 , several proteins that specifically bound to CRM1 in the presence of RanGTP were recovered (compare lanes 1 and 2). Some of these proteins, e.g., X92, could be competed with an excess of NES peptide (lane 4) and thus behaved like NES cargo proteins, whereas others, e.g., X280 and X94, exhibited increased binding in the presence of saturating amounts of NES peptide (lanes 2 and 4). The free NES peptide used for competition is a sequence from the MVM NS2 protein (11, 52) , which binds particularly strongly to CRM1 (reference 7 and this study). By scaling up the binding reactions presented in lanes 2 and 4, enough material was obtained for sequence analysis by mass spectrometry. Sequences of tryptic peptides of X92 that were identical to those from the X. laevis An3 protein, a DEAD-box helicase with putative homologues in human, mouse, and budding yeast, were obtained. Its primary sequence revealed a putative NES sequence within the first 21 amino acids ( Fig. 2A ) that is conserved in mammals and yeast. To test whether this sequence mediated RanGTP-dependent CRM1 interaction, full-length An3 and a mutant lacking the first 21 amino acids (An3⌬21) were produced in rabbit reticulocyte lysate and selected on z-tagged CRM1-Sepharose in the presence of RanGTP. Full-length An3, but not the ⌬21 mutant, was significantly retained on the CRM1 column (Fig. 2B , lanes 2 and 5), and this binding could be competed with free NS2 NES peptide (lanes 3 and 6) but not with a mutant NES peptide (lanes 4 and 7).
When full-length An3 was injected into Xenopus oocyte nuclei (Fig. 2C, lanes 1 to 10) , the protein was completely exported in 90 min (lanes 3 to 4), whereas An3⌬21 remained in the nucleus (lanes 11 to 14). An3 export could be blocked by coinjection of a large excess of wild-type NES peptide (lanes 5 to 8) but not by a mutant peptide (lanes 9 to 10). In addition, An3 carrying a more subtle disruption of the NES, that is, a substitution of Leu-19 and Leu-21 with alanine residues, is also defective in export (data not shown). Thus, the predicted NES sequence of An3 functions as an NES both in vitro and in vivo. When full-length An3 was injected into the cytoplasm, no nuclear accumulation was observed, even after overnight incubations. However, the ⌬21 mutant slowly accumulated in the nucleus (Fig. 2D) , demonstrating that An3 is a shuttling protein in these stage V and VI oocytes, but with a much higher export rate than import rate. Even under conditions where NES export was drastically reduced by leptomycin B or microinjection of NES peptide, we could not detect significant nuclear accumulation of wild-type An3 (data not shown). However, in stage IV oocytes, a small percentage (5 to 10%) of wild-type An3 that had been injected into the cytoplasm was recovered from the nuclear fraction after 8 h of incubation, while around 30% of the Leu-19 and Leu-21 NES mutant protein was nuclear at this time point (Fig. 2E) . Together, these data indicate that nuclear import of An3 is more efficient in stage IV oocytes than in stage V and VI oocytes and that the slow accumulation of the ⌬21 mutant in later stages is an intrinsic property of the wild-type protein.
NES sequences bind to CRM1 with different affinities. To obtain quantitative data on the affinity of NES sequences for CRM1, we used a system developed to study interactions between RanGTP and interaction partners (6) , such as members of the importin ␤ family (19, 21) . For the purpose of this article, the assay will be termed the CRM1 GAP assay. This assay uses the inability of RanGAP to stimulate Ran's GTPase activity when Ran is in a complex with an importin ␤ family member, thereby allowing quantification of unbound RanGTP (6 Fig. 3A , the affinities of the NES peptides for CRM1 differed significantly. The MVM NS2 NES showed the highest affinity, whereas An3 and PKI displayed intermediate affinities and HIV-1 Rev NES displayed low affinity for CRM1, at a level almost indistinguishable from that of mutant NS2. The 25% protection of GTP hydrolysis observed in the absence of peptide most likely represents low-level NES-independent binding of RanGTP to CRM1, observable because of the high CRM1 concentration in the assay. Alternatively, it could represent a low level of exchange activity of CRM1.
To investigate whether these in vitro affinities have significance in vivo, we injected the NS2 (wild type and mutant) and HIV-1 Rev NESs into Xenopus oocyte nuclei together with a mixture of 32 P-labelled in vitro-transcribed RNAs (Fig. 4) . The RNA mixture included an initiator methionyl tRNA, a ftz pre-mRNA that is spliced into a ftz mRNA, and U1 and U6 snRNAs. U1 snRNA is exported via the CRM1 pathway (15, 18) , whereas tRNA and ftz mRNA follow different export pathways. U6 snRNA does not leave the nucleus and is included as an internal control. As shown in Fig. 4 , U1 snRNA export is inhibited by coinjection of the high-affinity NES peptide, whereas tRNA export, pre-mRNA splicing, and mRNA export are unaffected (lanes 1 to 8). U1 snRNA export was not inhibited by coinjection of a mutant NS2 NES peptide (lanes 9 to 10). In contrast to the NS2 NES, microinjection of free HIV-1 Rev peptide has no effect of U1 snRNA export (data not shown), consistent with its weak affinity in the CRM1 GAP assay. To test whether the relative affinities of the free NES peptides were representative of the NES sequences in a more natural structural context, we compared the binding affinities of recombinant His-tagged HIV-1 Rev and a GST fusion of the first 238 amino acids of An3 (GST-An3N) in the CRM1 GAP assay. In this experiment, a fixed concentration (1 M) of the NES protein was used and recombinant CRM1 was added at increasing concentrations. As shown in Fig. 3B , the differences in affinity found between the free peptides of HIV-1 Rev and An3 are duplicated using the proteins as substrates, indicating that the affinity of the NES peptide for CRM1 reflects the affinity of the NES-containing protein in the CRM1 GAP assay.
RanBP1 dissociates CRM1 export complexes. The protection against RanGAP-activated RanGTP hydrolysis by binding to importin ␤ can be reversed by RanBP1 (5, 16), and it was proposed that RanBP1 dissociates RanGTP from the complex and presents it to RanGAP1. However, RanBP1 also contains a leucine-rich NES (61) and accumulates in the nucleus upon saturation of the CRM1 pathway (59) and therefore might also be expected to stimulate CRM1-dependent RanGTPase protection, i.e., having the opposite effect.
Recombinant CRM1-NES-RanGTP trimeric complexes were therefore assembled, and RanGAP-stimulated RanGTP hydrolysis was tested in the presence of increasing concentrations of RanBP1 (Fig. 5A) . While in this experiment RanGTP was present at 100 nM, low nanomolar concentrations of RanBP1 were sufficient to completely disassemble the CRM1 complexes, indicating that RanBP1 functions as a catalytic release factor rather than a cargo under these assay conditions. To obtain more direct evidence for the combined effect of RanBP1 and RanGAP on complex disassembly, we bound CRM1 and RanGTP to a GST-An3N column and added Proteins that bind to CRM1 export complexes. Whereas An3 acted in all respects as a CRM1 export cargo, the other category of CRM1-binding proteins purified from Xenopus egg extract was not competed by a large excess of NES peptide (Fig. 1) , indicating a different mode of interaction. X280 and X94 were purified on a preparative scale and sequenced. The two proteins appeared to be present in near-stoichiometric amounts. The 280-kDa protein yielded 10 sequences, of which only 1, EE(L/I)AHFQK, matched that of human CAN. Since the Xenopus homologue of CAN was reported to migrate at 200 kDa (46, 51, 57) and considering the borderline significance of the single database match, a fragment of X280 cDNA was cloned by using degenerate reverse transcriptase PCR.
Primers were designed on the basis of the peptide sequences obtained and sequence information from a small region of CAN that is identical in human and Drosophila (reference 71; see Materials and Methods). Combining multiple pairs of degenerate primers, a cDNA was amplified whose predicted amino acid sequence contained three of the X280 peptides (excluding primer-encoded regions) in the same reading frame and that therefore very likely encoded part of the 280-kDa protein. Moreover, the encoded protein sequence shared a significant homology (54% identity; 70% similarity) to the Nterminal 600 amino acids of human CAN. The full-length cDNA, which was isolated from Xenopus cDNA phage libraries, encodes a protein with homology to human CAN over its entire length and directed synthesis of a 280-kDa protein in rabbit reticulocyte lysate in vitro (data not shown). For X94, five tryptic peptide sequences were obtained, three of which showed significant homology to human Nup88 (Table 1) . Because human Nup88 is found in a complex with CAN (4, 19), X94 most likely represents Xenopus Nup88.
To confirm that X280 and X94 are nucleoporins, we tested whether the X280 and X94 interaction with CRM1 was sensitive to wheat germ agglutinin (WGA). This compound binds to O-linked N-acetylglucosamine-modified nucleoporins (25, 27) and thereby inhibits several import and export pathways (14, 54, 58) . As shown in Fig. 6A , 270 g of WGA/ml dramatically reduced the association of X280 and X94 to the CRM1 column (lanes 2 to 3), an effect that was completely reversed by saturating the WGA with 250 mM N-acetylglucosamine (lane 4). Note that CRM1-NES-RanGTP trimer formation is not affected by association of CAN and Nup88, as seen by the equal amounts of RanQ69LGTP precipitated in lanes 2 to 4. To test whether the CAN-Nup88 subcomplex associates with cargoloaded exportins in general, we compared proteins bound to the CRM1 column with those binding to an exportin t column in the presence or absence of RanQ69LGTP. Exportin t is a nuclear export receptor for tRNA (2, 42) . As shown in Fig. 6B , the exportin t column can bind tRNA (which was present in the egg extract at a concentration of approximately 0.5 M [26] ) only in the presence of RanGTP (compare lanes 3 and 4) . However, no association with CAN or Nup88 was observed (compare lanes 2 and 4).
DISCUSSION
In this study, knowledge of the CRM1-dependent, NESmediated nuclear export pathway was broadened by biochemical screening of CRM1-interacting factors from Xenopus egg extract and was deepened by quantitative evaluation of the role of components whose function was predicted from earlier work. A comparison of leucine-rich NESs of several proteins revealed that the archetypal NES from the HIV-1 Rev protein has relatively low affinity for CRM1. The highest affinity NES in this study, that of the MVM NS2 protein, is, similar to the proposed NES "consensus" (9) , quite leucine poor. The relatively low affinity of Rev for CRM1 might be a way to ensure that Rev is preferentially exported to the cytoplasm when multimerized on its target RNA (37, 48, 60) . Perhaps only the multimer generates a sufficiently high local concentration to remain in a stable complex with CRM1 and RanGTP. The observation that a free Rev NES peptide cannot specifically compete with the CRM1 export pathway in Xenopus oocytes at any concentration tested (unpublished data) is consistent with this idea. In contrast, either the higher-affinity MVM NS2 NES as a peptide or the Rev peptide when conjugated in multiple copies to BSA can function efficiently as competitive inhibitor of CRM1 export (Fig. 2C and 4) (15) . The structural basis of leucine-rich NES-CRM1 recognition remains to be elucidated but is likely to depend on hydrophobic amino acids correctly separated by charged or polar residues (9, 36) , where leucine may not always confer the optimal hydrophobic contact.
When in complex with the importins and exportins tested so far, RanGTP is resistant to RanGAP-stimulated GTP hydrolysis (references 5, 16, 41, and 42, and this study). However, RanBP1, and presumably RanBP1-like domains in RanBP2-Nup358, destabilize these complexes, thereby relieving the RanGAP resistance (5, 16) . For CRM1, a potentially complicating factor is that RanBP1 itself contains a functional leucine-rich NES (61) . However, we found that RanBP1's activity in destabilizing RanGTP-NES-CRM1 complexes is indistinguishable from its activity on other complexes. In Fig. 7 , RanBP1's role in NES-mediated, CRM1-dependent nuclear export is schematically represented, in the context of other solution equilibria detected in our studies. Note that in this model, RanBP1-initiated dissociation of the export complex is made irreversible by hydrolysis of GTP, which is in agreement with the observation that in the presence of RanBP1 alone very little complex dissociation is observed (Fig. 5B) . The fact that saturation of CRM1-mediated export in Xenopus oocytes (59) or inactivation of CRM1 in budding yeast (69) leads to nuclear RanBP1 accumulation suggests strongly that RanBP1 is a genuine CRM1 export substrate. Export of vertebrate RanBP1 requires a leucine-rich NES located at the C terminus of the protein (61) . The biochemical data presented here suggest strongly that an additional factor will be required to allow formation of stable RanGTP-RanBP1-CRM1 export complexes.
The biochemical screening of CRM1-binding factors from total Xenopus egg extract revealed two classes of RanGTP- dependent interacting proteins, NES containing and non-NES containing. A major NES-containing protein in Xenopus egg extract was the DEAD-box helicase An3, which is shown to shuttle between the nucleus and the cytoplasm in a CRM1-dependent manner. An3 was first identified in Xenopus oocytes as a protein encoded by an abundant maternal mRNA localized to the animal hemisphere (23) . An3 has homologues in budding yeast, human, and mouse (30, 43, 44, 65) . The Xenopus protein was shown to have RNA helicase activity in vitro (24) . In oocytes as well as during embryogenesis, the majority of An3 protein is cytoplasmic. However, a fraction of the protein exhibits a changing subnuclear distribution in oocyte differentiation (45) , with nucleolar localization in stages II to V and absence of nuclear localization by stage VI. Indeed, we find that nuclear import of An3 in stage IV oocytes is more efficient than in stage V and VI oocytes, suggesting that the nuclear accumulation of An3 is regulated at the level of import. Attempts to define a nuclear function of this shuttling RNA helicase are in progress. In S. cerevisiae, the putative An3 homologue, Ded1p, has been shown to function in translational initiation both in vivo and in vitro (10) . Interestingly, the strong NES consensus sequence is conserved in Ded1p, suggesting that Ded1p is also a shuttling protein in yeast and may have an additional nuclear function.
Although we have presented only one NES substrate in this study, we observed several other proteins that bind CRM1 in a RanGTP-dependent, leptomycin B-or NES-peptide-sensitive manner, using less stringent binding conditions than the ones used in the experiment shown in Fig. 1 . Nevertheless, we expect that many more NES-containing substrates fall below our present detection levels. It is possible that some RanGTP-CRM1-NES complexes are more sensitive to endogenous RanBP1 than others, but this would not distort the relative amounts retained on the CRM1 column, due to a 30-to 40-fold molar excess of added RanQ69LGTP that would overwhelm any effect of RanBP1.
The non-NES-containing class of CRM1-interacting proteins included the Xenopus homologues of the nucleoporins CAN/Nup214 and Nup88. Earlier, indirect evidence has suggested that the Xenopus homologue of human CAN has a relative mobility of about 200 kDa (46, 51, 57) . At least for the p200 from Xenopus egg extract (46, 51) , the difference with the apparent molecular mass of Xenopus CAN in this report (280 kDa) could be due to an underestimation of the size of the large protein in gels with a relatively high percentage of polyacrylamide. Mammalian and yeast homologues of CAN and Nup88 were earlier found in a complex with each other (4, 4a, 27a) and with CRM1 (19) , and the interaction between the CAN-Nup88 subcomplex and CRM1 shown to be mediated by CAN's FG repeat (17, 19) . Here we show in addition that their interaction with CRM1 is RanGTP and NES dependent, indicating that this complex is specific for cargo-loaded CRM1. Since CAN is localized predominantly at the cytoplasmic face of the NPC (40, 57) , the CRM1-CAN interaction may represent the termination site of NES export. Topologically, CAN is an attractive site for this, with the presence of RanBP1-like domains in RanBP2-Nup358 (75, 76) and RanBP2-Nup358-bound SUMO-modified RanGAP1 (47, 50, 62) CRM1 export complex disassembly nearby (see above). Stable binding of CRM1 export complexes to CAN would also be a way to inhibit their possible reimport. Finally, complex disassembly at the cytoplasmic face of the NPC would make subsequent recycling of CRM1 to the nucleus faster than if disassembly took place in the cytosol. In this context, there is a striking parallel with the situation at the nucleoplasmic face of the NPC. Under experimental conditions similar to those described here, the interaction of the import receptor importin ␤ with Nup153 is dissociated by RanGTP (63) . Recent observations suggest that RanGTP is not required for NPC translocation per se (13, 39, 53) . In this light, it would be interesting to test whether more generally RanGTP's role instead is to promote exportin-nucleoporin association at the cytoplasmic face and importin-nucleoporin dissociation at the nucleoplasmic face of the NPC.
